Investigations of the effects of advance information on movement preparation in Parkinson' s disease using reaction time (RT) measures have yielded contradictory results. In order to obtain direct information regarding the time course of movement preparation, we combined RT measurements in a movement precueing task with multi-channel recordings of movement-related potentials in the present study. 
Introduction
An influential view on the slowness of movement in 1990; Goodrich et al., a review, see Parkinson's disease attributes this phenomenon to deficient Jahanshahi et al., 1992) . In SRT tasks the response type is preparation of movement. According to this view, motor known before the reaction signal occurs. Hence, the response programming is one of the major functions of the basal can be preprogrammed. By contrast, in CRT ganglia (Marsden, 1982 ). An important source o f evidence for a programming deficit has been the investigation of the response can be programmed and initiated only after voluntary movements by means of RT paradigms. A number presentation of the reaction response depends on the identity of the stimulus. Therefore, The RP cannot be considered an important source of than control subjects, used advance information to pre information regarding the time course of movement programme a motor response. Jahanshahi et al. (1992) also preparation. Given its extended duration and the fact that the found, however, that Parkinson's disease patients needed a potential is obtained by response-locked averaging of the longer interval between precue and reaction signal than EEG, it can only provide relevant temporal information if it control subjects before a fully cued response was equally can be divided into separate components with well-defined fast as responses in an SRT task. We expected that differences meanings. While a division of the RP into separate in the temporal development o f movement-preceding cerebral components has been proposed (Shibasaki et al., 1980;  activity might elucidate the slower utilization of advance Barrett et al., 1986a), their identification is often difficult. information in Parkinson's disease, which was suggested by Investigators have, therefore, used fixed latency criteria for these findings. We used a version o f the movement precueing the components, to the effect that any temporal information task in which the effect of a precue which gave partial they might carry is lost (e.g. Dick etal., 1987 Dick etal., , 1989 ; Vidailhet information about a forthcoming response was compared et al., 1993; Touge et al., 1995) . Moreover, the proposed with the effect of a non-informative precue. Whether patients components seem not to have distinct generators (Ikeda et al.,
were slow in evaluating the advance information was assessed 1992; Rektor et al., 1994) .
by means of the latency of the P300. The onset of the LRP In order to probe the time course of motor preparation provided information on the subsequent processing step in » with premovement potentials, it seems more useful to record which advance information is translated into central motor movement-related activity with externally instructed instead activity. In addition to the onset of the LRP, focused on by of self-paced movements. In a warned RT task, in which most earlier LRP studies, we studied its topography and each trial begins with a warning signal, premovement activity topographical changes over time as another source of similar to the RP develops in the interval between the warning information on the development of preparatory cortical stimulus and the reaction stimulus. This negative-going activity preceding movement. The LRP measures were potential is known as the CNV. The CNV is mostly viewed interpreted against the background o f related CNV measures,
given that the LRP is derived from the CNV. Finally, EMG observe the subjects through a one-way screen. Subjects were measures were included to help interprété any prolongation seated in a comfortable chair at a distance of 1 m from a PC of the time between initial activation of the motor cortex and screen displaying the stimuli. To guide fixation, the screen was movement.
covered with black cardboard that had a central rectangular window of 10X2.5 cm, in which the stimuli appeared in white against a grey background. The stimuli extended 1.5°M ethods
Task and design
A mixed between-groups and within-subjects design was used. Parkinson's disease patients and control subjects were investigated in a movement precueing experiment using a four-choice task. The response alternatives were realized by four response keys, assigned to the index and middle fingers of the two hands. Following a precue that was neutral in 50% of the trials and validly specified the hand to be moved on the other trials, the reaction signal specified hand and finger. Thus, on half the trials the precue provided partial information on the required response, allowing subjects to prepare for movement of the left or right hand. The effects of informative versus neutral precues on RTs, error rates, EMG onsets and movement-related potentials were evaluated. in height and between 1° and 2° in width. The precue was L (left hand), R (right hand) or 0
The reaction signals were LI, L2, R1 and R2, with the numbers 1 and 2 indicating a key press with the index i finger,
The experiment consisted of six blocks of 6 min 40 s duration each, preceded by a training block. Each block included 80 trials, 10 of each precue/reaetion combination. The stimuli occurred in the same random order for all subjects. A trial began with the presentation of the precue for 1000 ms. Then, the reaction signal was presented and remained on the screen for a duration of 1000 ms, independently of response speed. Trial length (precue to precue) was 5 s. The RT was defined as the time from the onset of the reaction signal to the time of switch closure, which occurred when a response key was fully depressed. The range of movement was 5 mm. The response keys were
Subjects
Ten patients with a clinical diagnosis of Parkinson's disease and 10 healthy control subjects participated in the study. The mean age of the patients (nine men, one woman) was 53.6 years (range 42-67 years; SD 7.3 years). The mean age of mounted in two ergonomically shaped hand supports (one for each hand), and required a pressure of ~400 g. The hand supports ensured that the subjects' fingers rested on the response keys, while the hands were in a comfortable posture with slight flexion of the fingers. the control subjects (eight men, two women) was 54.2 years (range 40-67 years; SD 9.0 years). All patients and control subjects were right-handed, as assessed by the Edinburgh
Electrophysiological recordings
Inventory (Oldfield, 1971) . They gave informed consent for the study, which was approved by the local ethics committee.
Patients had bilateral Parkinson's disease of mild to moderate severity. They fulfilled the criteria of the UK Parkinson's Disease Society Brain Bank for the diagnosis of Parkinson's disease (Hughes et a l 1992) and were all L-dopa responsive. All but two patients were treated with ldopa decarboxylase inhibitor) and some also with deprenyl. One of the two patients not using L-dopa used amantadine and deprenyl, and the other used no medication. The mean disease duration was 5.8 years (range 3 -1 2 years; SD 2.5 years). Motor disability was evaluated by means of the motor subscale of the United Parkinson's Disease Rating Scale (Lang and Fahn, 1989) The peak amplitude of the LRP was identified in the amplitude was measured peak-to-peak with respect to the grand averaged waveforms. This provided the basis for a PI. The latency and amplitude of the P300 were measured quantification in individual subjects as the mean amplitude at Cz as the highest positive peak within a search window between 1350 and 1450 ms (cued movements) and between of 280-500 ms. The visual-evoked responses following the 1550 and 1650 ms (uncued movements), after precue onset. reaction signal were analysed in the sànie way as the These data were analysed by a MANOVA with group as responses elicited by the precue. In some subjects, the P300 between-subjects variable and cue and electrode (13 levels) as following the reaction signal was difficult to identify. In within-subjects variables. From the LRP for cued movements, these cases, the index channel Cz was compared with the additional amplitude measures were taken at 450-550 ms neighbouring central and parietal channels in order to chose and at 900-1000 ms. These measures were analysed by a the peak that most likely represented the P300. The CNV MANOVA with group as between-subjects variable and was quantified as the mean amplitude in the interval from electrode as within-subjects variable. In the analyses of the 1000 to 1100 ms after onset of the precue. This interval LRP and the CNV distributions, interactions with the variable occurred after the reaction signal but still before the first electrode were checked by performing an analysis on visual-evoked response. We chose this interval because, normalized data, as suggested by McCarthy and Wood (1985) . especially in the normal controls, the CNV continued to rise
The F values of this second analysis are reported, during this time frame. For the same reason, this interval
The onset of the LRP was determined in the waveform instead of the 100 ms preceding the reaction signal was recorded at C3/C4 by taking for each subject the first chosen as baseline for the PI amplitude measures. point in time at which the LRP was consistently above an The measurements of the visual-evoked responses were amplitude criterion. A criterion of 3.5 XSD was derived performed on averages across all conditions, in order to from the variability (in voltage over time) of the baseline in eliminate irrelevant differences due to physical differences the averaged LRP waveforms of each subject (at electrode between the visual stimuli. The subject groups were compared C3/C4). The onset was defined as the first timepoint at using t tests. The P300 and CNV data at electrode Cz were which the LRP exceeded this criterion for a duration of at the left hand is reduced. By contrast, the second interaction To avoid false positive results, some investigators adjust the was related to a stronger precueing effect for the (faster) degrees of freedom for within-subjects variables, following index finger than for the middle finger. This might be related to the fact that isolated flexion is a more natural movement Greenhouse and Geisser (1959) . This adjustment only affects the results for variables with two or more degrees of freedom. Hence, for our variables hand, finger and cue, application of the Greenhouse-Geisser correction has no consequences. For for the index than for the middle finger.
There were no significant effects related to the block variable. The mean RT across blocks was stable in control block and electrode we report unadjusted and adjusted degrees subjects. In patients it decreased considerably across the first of freedom and significance levels. three blocks. The interaction of block by group was not
Results

Behavioural measures
The analysis of RTs (see Table 1 ) showed that advance significant, however. The error rates were 2.3% and 3.4% for control subjects and patients, respectively. These errors include anticipatory responses, defined as responses with a latency o f *5300 ms. Such responses only occurred for patients and only in the information about the side of movement shortened the precued condition (on 0.1% of the trials). We also counted response times by ~200 ms: main effect of cue [F(l,18) = 668.77, P < 0.001]. Patients were significantly slower than as error the trials in which subjects failed to give a response within 1500 ms. This occurred on 0.3% of the trials for the control subjects [F(l,18) = 4.93, P < 0.05]. However, the normal subjects and on 0.8% of the trials for patients. Given slowness of patients was not specifically related to either cued or uncued movements, The difference in response speed between patients and control subjects was 48 ms for cued and 59 ms for uncued movements. The interaction of group by cue was not significant [F(l,18) 0.69]. Probably due to the fact that subjects were right-handed, that the error rates were very low, they were not analysed statistically. Table 2 ). There were no significant amplitude were significant interactions of hand by cue [F( 1,18) 6.79, differences between patients and control subjects for either P < 0.05] and finger by cue [F(l,18) = 5.51, P < 0.05], the PI or the N2 response. The latency of the PI was The first interaction arose because the slowest hand gained for patients than for control subjects. The difference was most by advance information. This is consistent with findings Table 3 ). Before cued movements, lateralized movement distribution demonstrated a significant main effect of related activity already started in the interval between precue electrode [F(l,18) = 82.79, P < 0.001], and a significant and reaction signal, i.e. 400-450 ms after the precue. For groupXelectrode interaction [F(l,18) 5.98, P < 0.05]. normals as well as patients, the LRP for cued movements However, there was no main effect for group. The interaction had a biphasic configuration with a first maximum at is explained by the fact that the difference is pronounced 500 ms. This can be most clearly appreciated in the traces near the midline, but declines steeply from medial to lateral at C3/4. The difference in LRP onset between cued and electrode locations (see Fig. 3 than for controls. There was a delay in the patients' EMG significant response delay in patients. Importantly, the pattern of EMG and LRP onset latencies (i.e. the fact that both display almost the same delay in patients) fits well with existing evidence that the conduction along corticomotor max neuron pathways is normal in Parkinson's disease (Dick et al, 1984) . Thus, the LRP onset difference (with uncued movements) might be due to a delay at a central level, i.e. a later initiation of motor cortex activity, which is reflected in
Electrophysiological data
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Normal subjects the later EMG onset latency. In our experiment, an additional delay emerged only during the execution of the motor reaction, which manifested itself in an EMG-RT interval that was longer in patients than in control subjects. The hypothesis that the response delay in Parkinson's disease patients may be partly due to a central delay should be further tested by measuring LRP onsets in tasks that yield more pronounced differences between patients and control subjects. However, there is already some evidence about the initiation of motor cortex activity in Parkinson's disease patients. Evidence for a delayed initiation was obtained by For uncued movements, the RT difference between Parkinson's disease patients and control subjects seemed partly due to a later onset of the LRP, as discussed in the Table 3 ). Though the differences in LRP and EMG onset 1992), where prolonged latencies were found between the latencies between the two groups of participants were not onset of motor cortex activity and the onset of movement. significant, they do provide clues to the origin of the This prolongation was attributed to disrupted movement-related neuronal acyivity in the primary motor cortex shortened in both groups of our experiment further supports making agonist muscle activity less efficient. the hypothesis that Parkinson's disease patients are not In conclusion, the temporal information provided by LRP necessarily impaired in the use of informative precues, and EMG onsets does not allow a firm conclusion as to the An interesting feature of the LRP preceding cued origin of the longer RTs in Parkinson's disease patients, since movements is its biphasic configuration, which in our data the group differences were not significant. The LRP and seems to be slightly more pronounced in patients than in EMG onset latencies displayed a plausible pattern, however, control participants (see 
Use of advance information in Parkinson's disease Effort and task demands in the movement precueing paradigm
The amplitude o f the P300 was significantly higher for Both groups of participants benefitted equally from patients than for control subjects. paradigm. Thus, the observed CNV patterns are always a the initiation of movement-related activity was delayed to mixture of effects of the processing of precue and reaction the same extent in cued movements as in uncued movements.
As mentioned, the EMG-RT interval was longer signal. If only the effect of processing the reaction signal is considered, one may expect a lower CNV in patients than for control subjects. However, in both groups condition, as in this condition the anticipated reaction signal of participants, the EMG-RT interval was shorter after conveys less information than in the uncued condition (e.g. informative than after uninformative cues. The cue effect on Van Boxtel et al., 1993). By contrast, if only the processing this interval was 40 ms for patients and 29 ms for control of the precue is c participants. One effect of response preparation can be a made. In the cued red, the opposite prediction can be motor preparation can reduction of the EMG-RT interval (Lecas et al., 1986;  vfter presentation o f the precue, whereas this is not possible Hackley and Miller, 1995) . The fact that this interval was in the uncued condition. With respect to the present data, i.e.
on the other hand, these authors inferred that for movements movements. Clearly, this evaluation does not support the in the absence of external cues, Parkinson's disease patients notion that the role of the SMA is confined to internally invoke 'defective internal control mechanisms (operating via generated movements. Rather, as suggested by Jahanshahi the SMA)', whereas these mechanisms may be bypassed et a l (1995), it may be more appropriate to conceive of when external cues are provided (Cunnington et a l, 1995, SMA and lateral premotor cortex as elements in a 'volitional p. 948). bearing action system', which are activated depending on the demands in a particular task. Possibly, within such a system, our finding division of labour between lateral and medial premotor areas, of an altered distribution of the LRP and the concomitant CNV and on the relevance of this division for the understanding changes in Parkinson's disease indicate a compensatory shift of movement preparation in Parkinson's disease. Disregarding of activity from the SMA to lateral (pre)motor structures, the differences between tasks and labels used for the The present data provide a stronger argument for such a shift premovement potentials, we found, like Cunnington and cothan the movement-related potential data that have previously workers, a reduced amplitude of the premovement potentials been suggested to support compensatory changes (Dick et al., recorded at the midline. Given the extended electrode array 1989). As to the structures involved, the argument remains used in our recordings, the distribution of the CNV amplitude hypothetical, however, since the neural sources of movementdifference between patients and controls could be evaluated, related potentials recorded at the scalp can be estimated, but and was shown to have a gradient from medial to lateral (see not be determined in a definitive way. (Stephan et a l, 1995&) .
It should be noted that neither in our study, nor in any other known to us, has the reduction of the CNV come close to the reduction reported by Cunnington et a l (1995). In fact, some investigators have reported a normal CNV amplitude in Parkinson's disease (Botzel et al., 1995; Jahanshahi et a l, 1995). Thus, the conclusion of Cunnington et a l (1995) that in externally cued movements the SMA is bypassed in Parkinson's disease may be too strong. The reduced CNV amplitude in our patient data was accompanied by robust lateralized premovement activity and an enhancement of the CNV preceding cued relative to uncued movements. These findings represent a sure sign of active preparation for movement and are probably due to activity of the motor cortex and premotor areas at the lateral convexity. However, this activity certainly propagates to the midline recording site where Cunnington et a l (1995) measured premovement potentials. An alternative interpretation of their data is, therefore, that in the presence of external cues, patients did not adopt a preprogramming strategy. As a result, there was no preparatory cortical activity as such.
To summarize, we think that evidence from pre-movement potentials recorded before self-initiated and externally cued movements suggests that medial premotor structures are involved in both kinds of movements. In addition, the contribution of the SMA to premovement potentials in
Conclusions
The main conclusions of the present study are based on the simultaneous consideration of electrophysiological measures and RT data. The RT data confirm earlier studies indicating that Parkinson's disease patients can use advance information to plan movements. The electrophysiological findings add, first, that this is accomplished in the same way as by control subjects, as suggested by the timely development of an LRP when patients are informed about the response side. Secondly, the higher P300 amplitude in Parkinson's disease patients indicates that task per ance of and required more effort from the former than from the latter group. Thirdly, the frontal extension of the LRP distribution, the reduced CNV amplitude, and the stronger modulation of the CNV as a function of the information provided by the precue point to considerable differences between patients and controls in the cortical activity preceding movement. These differences may be, in part, an expression of the disease (deficient SMA function; insufficiently 'focussed' cortical activity), but could also reflect compensatory changes.
